r Actomyosin ATP hydrolysis occurring during muscle contraction releases inorganic phosphate [P i ] in the myoplasm. High [P i ] reduces force and affects force kinetics in skinned muscle fibres at low temperature. These effects decrease at high temperature, raising the question of their importance under physiological conditions. r This study provides the first analysis of the effects of P i on muscle performance in intact mammalian fibres at physiological temperature. Myoplasmic [P i ] was raised by fatiguing the fibres with a series of tetanic contractions.
Introduction
Actomyosin ATP hydrolysis occurring during muscle contraction releases inorganic phosphate (P i ) in the myoplasm, increasing P i concentration. P i release is closely coupled to and follows crossbridge force generation (Kawai & Halvorson, 1991; Dantzig et al. 1992; Chase et al. 1993; Tesi et al. 2000 Tesi et al. , 2002 . Data in the literature show that even a moderate amount of muscle activity can increase [P i ] concentration by ß2-4 times with respect to control (Wilson et al. 1988; Cady et al. 1989; Baker et al. 1994; Mizuno et al. 1994; Gorselink et al. 2001; Yoshida, 2002) . In Ca 2+ -activated skinned fibres and myofibrils, [P i ] greatly depresses the isometric tension: the increase from 0 to 25 mM reduced tension by 50% or more in rabbit psoas muscle (Cooke & Pate, 1985; Ranatunga et al. 2002; Tesi et al. 2002; Caremani et al. 2008) . In addition to depressing tension, [P i ] increase alters the kinetics of actomyosin interaction as shown by the increase of the rate of force development found at high [P i ] in skinned fibres and myofibrils (Kawai & Halvorson, 1991; Walker et al. 1992; Regnier et al. 1995; Tesi et al. 2000 Tesi et al. , 2002 Caremani et al. 2008) and by the increased rate of tension recovery after a stretch (Ranatunga et al. 2002) . Experiments investigating the effect of P i have generally been performed in mammalian skinned fibre or myofibrils at low temperature (10-12°C); however, it has been shown that the depressant effect of P i on force greatly decreases with increasing temperature (Debold et al. 2004) . Skinned fibres and myofibrils allow us to alter directly the internal environment, and it is therefore relatively easy to increase [P i ] to the desired value; on the other hand it is difficult to do experiments at high temperature while maintaining the regular disposition of the sarcomeres. In addition, skinning introduces swelling of the fibre and loss of small proteins and other components normally present in intact fibres. It is therefore of interest to study the effects of intracellular [P i ] in intact fibres and at physiological temperature. This was the aim of this study.
Experiments were carried out on small fibre bundles isolated from the flexor digitorum brevis mouse muscle. Fibres were fatigued with a series of short isometric tetani at 1.5 s intervals, and the effects were examined after 10 tetani (early fatigue) when tetanic tension was down by ß20%. Data in the literature showed that at this time [P i ] increased significantly (Mizuno et al. 1994; Gorselink et al. 2001) , with little or no change of pH (Westerblad & Allen, 1992; Baker et al. 1994; Mizuno et al. 1994; Yoshida, 2002; Jones et al. 2009 ) and of myoplasmic [Ca 2+ ], another factor of force alteration (Westerblad & Allen, 1991; Bruton et al. 2003) . Only during later phases of fatigue, when tension was greatly reduced, was a [Ca 2+ ] decrease observed. Thus, by exclusion, the most significant change occurring during early fatigue is the increase of P i concentration. This gave us the opportunity to investigate the effect of [P i ] increase on crossbridge kinetics in intact fibre and at physiological temperature. We found that (i) tetanic force drop (ß20% of control) during the early fatigue occurred without a significant decrease of crossbridge stiffness; and (ii) both the development of tetanus rise upon stimulation and the force recovery following quick stretches and releases were faster than in control conditions. These results indicate that at high temperature the increase of [P i ] occurring during early fatigue reduces tetanic force mostly by depressing the individual crossbridge force and accelerating crossbridge kinetics.
Methods

Ethical approval
The animal use protocol was designed in compliance with the guidelines of the European Communities Council Directive 2010/63/UE and the recommendations for the care and use of laboratory animals and it was approved by the animal care committee of the University of Florence (Italy). All animals were killed by rapid cervical dislocation.
Animals
Thirteen mice (C57BL/6, male, aged 3-5 months, obtained from Envigo RMS Srl, Udine, Italy), were housed at controlled temperature room (21-24°C) with a 12-12 h light-dark cycle. Food and water were provided ad libitum.
Fibre preparation and measurements
Small bundles of up to 10 intact fibres were dissected from the flexor digitorum brevis (FDB) muscles as described previously (Colombini et al. 2009 ). Small aluminium clips, attached to tendons as close as possible to the fibre ends, were used to mount the fibres horizontally in an experimental chamber (capacity 0.38 ml) between the lever arms of a capacitance force transducer (resonance frequency, 17-33 kHz) and of an electromagnetic motor used to alter fibre length. Fibres were perfused continuously by means of a peristaltic pump at a rate of about 0.35 ml min −1 with a Tyrode solution of the following composition (mM): NaCl, 121; KCl, 5; CaCl 2 , 1.8; MgCl 2 , 0.5; Na 2 HPO 4 , 0.4; NaHCO 3 , 24; glucose, 5.5; EDTA, 0.1 and bubbled with 5% CO 2 -95% O 2 , which gave a pH of 7.4. Fetal calf serum (0.2%) was routinely added to the solution. All the experiments were performed at 33°C; however, in some of them isometric tension and force response to fast stretches and releases were investigated also at 19°C. Bipolar stimuli (0.5 ms duration and 1.5 times threshold strength) were applied across the fibres by means of two platinum-plate electrodes mounted parallel to the fibre bundle. Resting fibres length, largest and smallest diameters and resting sarcomere length (l s ) were measured under ordinary light illumination using a microscope fitted with a ×20 eyepieces and a ×5 or ×40 dry objective in the experimental chamber and checked on digital images acquired by a video camera (Infinity Camera, Lumenera Corp., Canada) using image processing software. Sarcomere length was measured by counting 10 sarcomeres on a calibrated scale on the acquired images. Fibres were stretched to the length at which tetanic force was maximal, corresponding to a mean sarcomere length of 2.54 ± 0.02 μm (n = 13). Mean clip to clip fibre length including tendons (l f ) was 1198 ± 128 μm whereas fibre length without tendons (l 0 ) was 746 ± 45 μm. Mean tendon length was therefore 450 ± 94 μm. Cross-sectional area of the bundles was calculated as abπ/4 where a and b are the smaller and the greater diameters (both measured at 2-3 different points along the fibre). Stimuli and fibre length changes were controlled with custom-written software (LabView, National Instruments, Austin, TX, USA) which was also used to record force and length at sampling time of 1 ms or 10 μs point −1 . Control tetanic contractions (400 ms duration, 120 Hz frequency) were performed at 90 s or greater intervals. Plateau tetanic force (P 0 ) was usually stable during the experiments, but if P 0 decreased by > 10%, the data were discarded.
The fibre bundles were stimulated repetitively with a series of 150 isometric tetani (400 ms, 120 Hz) evoked every 1.5 s. Stiffness and force responses to stretch (step time 150 μs, mean amplitude 0.68 ± 0.02% l f , n = 8) and release (step time 150 μs, and mean amplitude 0.61 ± 0.06% l f , n = 5) applied at tetanus plateau, were measured in control and throughout the whole fatigue; however, the data presented here refer mostly to the comparison of the control data with the data of the 10th tetanus since at this time, but not later, the drop of tetanic force due to early fatigue can be attributed almost exclusively to the increase of [P i ] (Wilson et al. 1988; Westerblad & Allen, 1991 Baker et al. 1994; Mizuno et al. 1994; Gorselink et al. 2001; Yoshida, 2002; Bruton et al. 2003; Jones et al. 2009 ).
Fibre stiffness measurements and correction for myofilament and tendon stiffness
To estimate the number of attached crossbridges, we measured fibre stiffness (Ford et al. 1977; Cecchi et al. 1982 Cecchi et al. , 1986 during the tetanus rise and at plateau of control tetani and during fatigue, by applying small 4 kHz sinusoidal length changes (dl f ) to one end of the bundle and by measuring the resulting force oscillations (dP) at the other end. Stiffness was expressed as (dP/P 0 )/(dl f /l f ). Mean dl f peak to peak amplitude was 1.4 ± 0.1 μm (n = 13) corresponding to 0.12 ± 0.01% l f whereas dP mean amplitude was 0.11 ± 0.01P 0 . The use of 4 kHz sinusoidal oscillations avoided significant truncation from the quick force recovery (Ford et al. 1977) without introducing significant inertial artefact. None of the records used to measure stiffness in this paper, even at smaller forces, showed a phase shift between force and length sinusoids (for an extended discussion of this subject see Nocella et al. (2011) ). Number of crossbridges and individual crossbridge force are here used as synonyms of number of average attached crossbridges and average force per attached crossbridge, respectively. Data were not corrected for the stiffness of the passive control and fatigued fibres, which was smaller than 1% of active stiffness.
Stiffness expressed as (dP/P 0 )/(dl f /l f ) is the stiffness of the whole bundles (including crossbridge, tendon and myofilament stiffness) and therefore to extract crossbridge stiffness, from which we estimated the crossbridge number, we needed to correct the data for myofilament and tendon stiffness. In principle, tendon compliance (the reciprocal of stiffness) could be calculated from the difference between length changes applied to the preparation and those measured at sarcomere level. However, our FDB preparations were too short and the oscillations applied too small to allow the use of a striation follower as we did in the past with frog single fibres (Colombini et al. 2007) . Therefore the contribution of filament compliance to sarcomere compliance was taken from the data in the literature in mammalian muscle as ß40% (Linari et al. 2004) . The contribution of tendon compliance was calculated in the following way: first we measured y 0f , which represents the relative extension (% of l f ) at the tetanus plateau of all the elastic components of the fibres: tendon, myofilament and crossbridges. The extension of the fibre elasticity, without tendon (% of l 0 ), was defined as y 0 (Ford et al. 1977) , and hence the difference between y 0f and y 0 represents the extension of the tendon compliance. Y 0 was not measurable in our bundles and therefore J Physiol 595.13 it was taken from the available data in the literature for skinned rabbit fibres at 19°C (Linari et al. 2007 ) as ß0.77% of sarcomere length or l 0 , and this value was extrapolated at 33°C. Since y 0 is directly proportional to the increase of force with temperature (Colombini et al. 2007 ), we measured tetanic force at 19°C and 33°C in the same bundles (n = 5). We found that force at 33°C was 1.41 ± 0.12 times greater than at 19°C. Therefore y 0 at 33°C was calculated as 1.41 × 0.77 = 1.09% of l 0 corresponding to an absolute length change of 746 μm (mean l 0 ) × 0.0109 or 8.13 μm. Y 0f measured with sinusoidal length oscillations at 4 kHz was 1.11 ± 0.08% l f . Mean l f was 1198 μm, and therefore y 0f corresponds to an absolute length change of 1198 × 0.0111 = 13.29 μm. The difference between 13.29 μm (y 0f ) and 8.13 μm (y 0 ) of 5.16 μm is the length change absorbed by the tendons. Therefore tendon compliance amounts to 5.16/13.29 = 0.39 or 39% of the total fibre compliance. The remaining 61% is due to the sarcomeres and is distributed 40% to myofilaments and 60% to crossbridges (Linari et al. 2004) . Thus, in our fibres at tetanus plateau, the mean compliances are distributed as follows: 39% tendon, 24% myofilaments and 37% crossbridges.
Analysis of tetanus rise and force recovery after quick stretch or release in control and fatigued contractions
The time courses of the force development following tetanic stimulation and force recovery after quick stretch or release were analysed on control tetani and on the Superimposed sample records of force (lower traces) and length changes (upper traces) following the application of a short burst of sinusoidal length oscillation (thickened regions on the traces) followed by a stretch or release at tetanus plateau. The expanded burst of 4 kHz oscillations (inset) shows the absence of phase shift between force (lower trace) and length sinusoids (upper trace). To obtain the best resolution of fast and slow parts of the records, a double time base was used. The 10 ms time calibration refers to the part of the record inside the dashed vertical lines, and 1 s to the parts outside.
10th tetanus of the fatiguing series, approximately at the end of early fatigue. Tetanus rise was fitted with simple exponential equations which gave the best fitting. The fitting of the force recovery, which included phase 2, 3 and 4 of Ford et al. (1977) , was made with a triexponential equation. All the fittings were carried out with the Levenberg-Marquardt algorithm available with the software OriginPro (2015; OriginLab Corp., Northampton, MA, USA). Figure 1 shows an example of experimental records and the experimental procedure in control and fatigued tetani at 33°C. A burst of sinusoidal length oscillations (10-12 cycles) at 4 kHz was applied at tetanus plateau to measure fibre stiffness. Oscillations were followed by a stretch or release to investigate the kinetics of force recovery after the length change.
Results
Stiffness and force time courses during early fatigue
The time course of mean force and fibre stiffness changes during early fatigue induced by a series of tetani elicited every 1.5 s in 13 fibres is shown in Fig. 2 . Data are expressed relative to plateau control values of force and stiffness (expressed as Young's modulus), which were 366 ± 15 kN m −2 and 33.3 ± 0.4 MN m −2 , respectively. Both force and stiffness fall during fatigue; however, stiffness falls much less than force, in agreement with previous results (Nocella et al. 2011 (Nocella et al. , 2013 and with a recent model of muscle contraction (Smith, 2014) . After 10 tetani, force was reduced by ß20% whereas stiffness fell by only ß7%. The fall of force can be due to a reduction of crossbridge number or individual crossbridge force or both. A first qualitative answer to this point can be obtained by comparing the stiffness measured during fatigue with the stiffness measured during the tetanus rise, a condition in which the crossbridge stiffness (stiffness of the array of crossbridges) is proportional to the force developed (Bagni et al. 2005; Brunello et al. 2006) . The stiffness on the tetanus rise was measured as shown in Fig. 3 . Tension was recorded with and without length oscillations superimposed. By subtracting the two traces we obtained the force oscillations centred at zero tension (Fig. 3, trace d ) whose peak to peak amplitude is modulated by the stiffness of the fibre. Successively, the absolute value of the peak to peak amplitude was low-pass fast-Fourier-transform filtered at 300-500 Hz to recover the modulation, i.e. the stiffness. In this way stiffness was measured continuously during the tetanus rise (Fig. 3,  trace a) .
The x-y plots of the stiffness data from six fibres during fatigue and tetanus rise are compared in Fig. 4 . It can be seen that at any given force, stiffness is higher during fatigue. Since both relations were measured in the same fibres and tendon stiffness is not affected by fatigue (Nocella et al. 2011 ) the difference can only be attributed to a different crossbridge stiffness. A greater stiffness for the same fibre force means that during fatigue there are more crossbridges respect to tetanus rise, and therefore the force per crossbridge is smaller.
The quantitative changes of crossbridge number were obtained, as reported previously (Nocella et al. 2011) by correcting the fibre stiffness data during fatigue for the compliance of tendon and myofilaments. Calculation (see Methods) showed that mean tendon and filament compliances at plateau of control tetani were 39% and 24% of the total fibre compliance, respectively. However, since tendon compliance is non-Hookean (Nocella et al. 2011) , this proportion needs to be recalculated at each tension during fatigue to obtain crossbridge stiffness. This was done by using the force-stiffness relation during the tetanus rise shown in Fig. 4 . Given the series disposition of crossbridges, myofilament and tendon elasticity, the use of the compliance (reciprocal of stiffness) is more convenient for calculation. Considering that crossbridge compliance on the tetanus rise is inversely proportional to the force developed, we can write:
Where C te is the tendon compliance, C tot is the total compliance of the fibre, C b is the crossbridge compliance at tetanus plateau, C f is the filament compliance (assumed to be Hookean), and P/P 0 is the relative force at which the measure was made. From the analysis described in Methods, C b = 0.37 and C f = 0.24. C tot , is the reciprocal of the stiffness data in Fig. 4 . At a tension of 0.8P 0 , for example, C tot = 1.17 and C te = 1.17 − (0.37 × 1.25) − 0.24 = 0.47, which is ß20% greater than at P 0 . The reciprocal of C te , tendon stiffness, is plotted as function of force in Fig. 5 together with crossbridge and myofilament stiffness. By correcting the stiffness measured at each force during fatigue (data of Fig. 4) for the contribution of myofilament and tendon stiffness (data of Fig. 5) , we obtained the crossbridge stiffness shown in Fig. 6A (filled circles) . For comparison we also plotted crossbridge stiffness during the tetanus rise (open triangles), which is simply proportional to force.
It can be seen that during the early fatigue crossbridge stiffness remains almost constant, increasing slightly, whereas force decreased by ß20%. This confirms that fall of force is accounted for by a decrease of force per crossbridge rather than by a decrease of crossbridge number. This means that the drop of 7% of the fibre stiffness shown in Fig. 4 is due to the non-linear stiffness of tendon elasticity. As tension decrease from 1 to 0.8P 0 , tendon stiffness decreases and lowers the fibre stiffness. Figure 6B shows the individual crossbridge force during fatigue, calculated by the ratio force/crossbridge stiffness, plotted against force. The force per crossbridge drops by about the same extent as fibre force up 0.8P 0 , then it remains constant.
Early fatigue also affects the speed of tetanus rise, which becomes significantly faster in the 10th tetanus with respect to control. This can be seen in Fig. 7A . The effect is qualitatively similar to that reported previously at lower temperature in mammalian intact (Nocella et al. 2011) and skinned fibre or myofibrils (Regnier et al. 1995; Tesi et al. 2000; Caremani et al. 2008) . The fitting of the control tetanus rise required a single exponential equation. Two Stiffness is expressed with respect to total fibre stiffness at tetanus plateau taken as 1. Note that tendon stiffness (open triangles) rises with force in a similar, but not equal, way to crossbridge stiffness (filled circles). For the calculation we assumed that filament stiffness (filled squares) was Hookean. exponentials were instead necessary for fitting the 10th tetanus. The fit was made after the exclusion of the initial slow 'foot' of force, which was always smaller than 10% P 0 . An example is shown in Fig. 7B . The rate constant was 33 ± 1 s −1 (n = 8) in control, and 52 ± 2 s −1 for the faster rate and 11 ± 1 s −1 (n = 8) for the slower one in fatigued fibres. Relative amplitude was 0.94 ± 0.01P 0 in control condition, and 0.73 ± 0.02P 0 and 0.19 ± 0.02P 0 during fatigue for the faster and slower component, respectively.
Stretch and release responses in control and during early fatigue
To examine crossbridge response to fast length perturbation (step time 150 μs), stretches (amplitude 0.68% l f ) and releases (amplitude 0.61% l f ), were applied in control tetanus and at the 10th tetanus of the fatigue when tension was down by ß20% with respect to control. Figure 8 shows an example of the responses obtained.
The shape of the force recovery is similar to that described by Ford et al. (1977) in frog fibre at low temperature; there are only quantitative differences due to the different preparation and temperature. During early fatigue the force recovery from stretch and release is faster than in control. To quantify these changes, we fitted the whole recovery starting from the end of the length change up to the final steady tension, with a three-exponential curve. The fitting included phase 2, 3 and 4 of force recovery (Ford et al. 1977) and was made on the force normalized between the start and the end of the recovery (taken as 0 and 1, respectively). Typical fits are shown in Fig. 9 and the results obtained are summarized in Table 1 .
Fatigue affected the force recovery from stretches or releases in the same way: it increased the intermediate and the slower rate constants k 2 and k 3 but had no effect on the fastest rate constant k 1 . Fatigue also increased A 0 , the steady force attained at end of recovery after the stretch. A 0 was not different from zero after the release and was not affected by fatigue. A further effect was a slight amplitude reduction of the intermediate fitting component (A 2 ) for stretches and of the slower component (A 3 ) for releases.
Discussion
In this study we investigated the effects of fatiguing small bundles of mouse muscle fibres with a series of short tetani at physiological temperature on crossbridge characteristics. Tetanic force, stiffness, force development following stimulation and force transients following fast stretches or releases were studied in control tetani before fatigue and at the 10th tetanus of the fatiguing series when tension was reduced by ß20%.
31 P-NMR experiments in the literature on different muscle preparations with a fatiguing protocol comparable to that used in this study P i , fatigue and crossbridge kinetics 4323 have shown that [P i ] increased significantly (2-4 times) early during stimulation (Baker et al. 1994; Mizuno et al. 1994; Gorselink et al. 2001; Yoshida, 2002) . Gorselink et al. (2001) , in particular, showed that the stimulation of skeletal mouse muscle with 12 short consecutive tetani, a slightly fatiguing protocol very similar to ours, induced a ß10% force reduction and reduced phosphocreatine to 53 μmol/g dry weight compared with 73.7 μmole/g dry weight of the control, with a corresponding increase of P i concentration. A similar P i increase was also shown by Mizuno et al. (1994) in rat skeletal muscle: the repetitive stimulation of the muscle at 1 Hz, for example, led to a [P i ] increase from 4.9 mM of the control to 14.3 mM after only 30 consecutive stimuli. The initial rapid increase of P i was also shown by Baker et al. (1994) and by Yoshida (2002) in humans. All these experiments indicate that early fatigue is accompanied by a significant increase of P i concentration even when tetanic force is reduced by only 20% or less. The increase of P i during early fatigue was accompanied by almost no change in pH: Mizumo et al. (1994) observed a pH reduction of only 0.1 unit from 7.2 to 7.1 and a similar small reduction was found by Jones et al. (2009) in humans and by Baker et al. (1994) in rat. Westerblad and Allen (1992) , in single mouse fibres, found a slight pH increase of 0.02 pH unit and a similar increase was found in humans by Yashida (2002) . Myoplasmic [Ca 2+ ], another factor of force alteration, remained constant or increased little during early fatigue. Only during later phases of fatigue, when tension was greatly reduced, a Ca 2+ decrease was observed (Westerblad & Allen, 1991; Bruton et al. 2003) . A seemingly contrasting results was reported by Allen et al. (2011) changes were of minor importance. Other possible factors involved in fatigue such as phosphorylations or increase of reactive oxygen species (ROS), are unlikely to produce a significant effect during the short period of early fatigue. Thus, slightly fatigued fibres gave us the opportunity to investigate the effects of increasing intracellular [P i ] in intact fibres and, most importantly, at physiological temperature. The results are discussed in relation with previous studies investigating P i effects mostly made in skinned fibres and myofibrils and most often at low temperature (Kawai & Halvorson, 1991; Potma et al. 1995; Regnier et al. 1995; Tesi et al. 2000; Ranatunga et al. 2002; Tesi et al. 2002; Caremani et al. 2008) .
Stiffness
To measure the crossbridge number during fatigue we corrected fibre stiffness data (Fig. 4) for tendon and myofilament stiffness to extract crossbridge stiffness. Corrected data showed that during early fatigue, crossbridge stiffness remained nearly constant indicating that the associated force decline was caused mainly by a reduction of the individual crossbridge force. Stiffness correction was made by taking y 0 from the literature and extrapolating its value at high temperature. We also assumed that crossbridges and myofilaments contribute to sarcomere compliance in the proportions of 60% and . Stiffness in A is expressed with respect to total fibre stiffness at tetanus plateau taken as 1. At any tension, crossbridge stiffness, proportional to crossbridge number, is higher during fatigue than during tetanus rise.
J Physiol 595.13 40%, respectively (Linari et al. 2004 ) and for simplicity that both have a Hookean compliances although some data suggest a possible non-linearity (Colombini et al. 2010) . While these values and assumptions are subject to a degree of uncertainty, we showed earlier that calculation of crossbridge stiffness was relatively insensitive to changes in myofilament, crossbridge and tendon compliances: changing the ratio between crossbridge and myofilament compliances or changing tendon compliance by ±20% affects the calculated crossbridge stiffness by less than 2%. But more importantly, the data of Fig. 4 show that at the same force, stiffness during fatigue is higher than during the tetanus rise. As tendon stiffness does not change with fatigue (Nocella et al. 2011) , and myofilament stiffness is not affected by [P i ] changes (Caremani et al. 2008) , this difference can only be attributed to the increase of crossbridge stiffness (and number) during fatigue, independently of all the above assumptions. A greater number of crossbridges with the same total force means a smaller individual crossbridge force. It follows that [P i ] increase occurring during early fatigue reduces crossbridge individual force and this reduction accounts for almost all the tetanic force drop. A conclusion opposite to this, i.e. that increasing [P i ] decreases crossbridge number without altering individual crossbridge force, was reached in a report in skinned fibre at low temperature (Caremani et al. 2008) . The reason for this discrepancy is uncertain but differences in the experimental conditions, especially temperature, may account for it: it is known in fact that the effects of P i on force depression are much stronger at low than at high (physiological) temperature (Coupland et al. 2001; Debold et al. 2004) . Thus it is possible that at low temperature increasing [P i ] induces a reduction of crossbridge number. Our data of Fig. 6 show that in Experimental force data were sampled at 1 ms/point but the number of points plotted on the figure were reduced for clarity.
contrast to the early fatigue, the drop of force occurring after the 10th tetanus (at force lower than ß80% P 0 ) is accompanied by a proportional crossbridge stiffness reduction indicating a decrease of crossbridge number. Although this reduction could be due to later effects of fatigue (as decreasing of pH, decreasing calcium release, for example) it cannot be excluded that the further increase of [P i ] above that occurring at the 10th tetanus reduces crossbridge number without further effect on crossbridge individual force. Thus, in general, it is possible that P i reduces force by reducing both the force per crossbridge and crossbridge number, but this last effect occurs mostly at high P i concentration or at low temperature where P i is more effective. Figure 7A shows that tension development during tetanus rise becomes faster in the 10th tetanus compared to control, in agreement with previous data at lower temperature (Caremani et al. 2008; Nocella et al. 2011) .
Tetanus rise
The best fitting of the data required only one exponential for the control and two exponentials for the 10th tetanus. The rate constant for control was 33 s −1 . The two components of the 10th tetanus were 52 s −1 , amplitude 0.73P 0 and 11 s −1 , amplitude 0.19P 0 . The meaning of the slower and smaller component is unknown; it could be due to a small force creeping due to possible sarcomere non-homogeneity developing during fatigue. These results are equivalent to the finding in skinned fibre at low temperature showing that force redevelopment after a period of shortening at V max (Caremani et al. 2008) , or in myofibrils after a release-restretch protocol (Regnier et al. 1995; Tesi et al. 2000) , becomes faster, increasing [P i ]. Quantitative differences are likely to be due to the different experimental preparation and temperature. It should be also considered that tetanus rise and tension redevelopment after shortening at V max or after a release-restretch protocol are not strictly equivalent.
Effect of P i on force transient following stretch or release
Stretch. Figure 8A shows that the force response of the fibre to fast stretches is affected by the early fatigue. The comparison with control shows that tension peak of the 10th tetanus relaxes faster and to a higher steady tension. The fitting of the force recovery required three exponentials. The fastest rate constant k 1 was insensitive to early fatigue whereas the intermediate k 2 and the slower one k 3 increased. These results can be compared with those of Ranatunga et al. (2002) showing a similar effect when [P i ] was raised up to 25 mM in skinned fibre at low temperature. There are, however, some experimental and procedural differences: Ranatunga et al. (2002) fitted only phase 2 of force recovery of Ford et al. (1977) and found two rate constants, 2a (fast) and 2b (slow). In this study the fitting was instead made on the complete force recovery involving phase 2, 3 and 4 of Ford et al. (1977) and required three rate constants. Since phase 2 in our data lasts for about 1.5-2 ms, the fastest rate constant k 1 of ß4000 s −1 is attributable only to the fastest part of phase 2, which may be compared, when considering the different temperatures, to phase 2a of Ranatunga et al. (2002) (1000-2000 s −1 ). k 1 was not affected by fatigue, which seems equivalent to the insensitivity of phase 2a of Ranatunga et al. (2002) to [P i ]. The intermediate rate constant k 2 of 310 s −1 in the control tetanus includes the slower part of phase 2 and phase 3 and it is comparable to phase 2b of Ranatunga et al. (2002) , which increased with [P i ]. Similarly, k 2 increased in the 10th tetanus. Again, quantitative differences with our experiments are likely to be due to the different experimental temperature. The smallest rate constant, k 3 , describes the slower part of the recovery when tension approaches the steady state A 0 . k 3 too is sensitive to [P i ], increasing in the 10th tetanus. The observations that the increased rate of tension development during tetanus rise and of force recovery after a stretch were also found in skinned fibre upon increasing Table 1 . Experimental force data were sampled at 10 µs point −1 but the number of points plotted on figures were reduced for clarity. 
A 0 (steady force at which force relaxes after the stretch or release) and A 1 , A 2 and A 3 (amplitudes of the 3 exponential components) are expressed as the fraction of tension peak; rate constants k 1 , k 2 and k 3 are expressed as 10 3 s −1 . Asterisks indicate statistically significant changes (P < 0.05) with respect to control.
[P i ] confirm the hypothesis that changes during early fatigue are mostly attributable to [P i ] increase. A further interesting effect of early fatigue was the increase of the steady level (A 0 ) at which force recovery settled after a stretch. A similar response to stretches was described previously and termed 'static tension' (Nocella et al. 2014; Rassier et al. 2015; Colombini et al. 2016) . Static tension was independent of crossbridges and was attributed to stretching of titin filaments stiffened by the increase of intracellular [Ca 2+ ] following activation (Bagni et al. 2004) . Thus the increase of A 0 might be due to a stiffening of titin during fatigue, but further experiments are necessary to clarify this point.
Release. Figure 8B shows the effects of early fatigue on the force transient following a quick release. With respect to the force transient of Ford et al. (1977) , the amplitude of phase 2 is smaller and the reversal or reduction of the rate of force recovery, which represents phase 3, is very much reduced or missing. This difference is likely to be due to the different experimental temperature, as suggested by the comparison of the recovery at 19 and 33°C (data not shown). The force recovery is faster during early fatigue than in control. Both k 2 and k 3 increased whereas k 1 did not change, exactly as in the stretch experiments. In contrast, Ranatunga et al. (2002) were unable to find a change of 2b with increasing [P i ]; however, they did not exclude the possibility that this change could be present. Phase 4 represents the slow recovery of tension to the pre-stretch level resembling the tetanic tension rise (Ford et al. 1977) . Our results show that k 3 increased during early fatigue, similarly to the rate constant for the tetanus rise. The increase of k 3 also occurred during recovery from stretches.
P i and crossbridge cycle
The effects of increased [P i ] on crossbridge force during early fatigue can be accounted for by schemes of actomyosin ATPase and crossbridge cycles in which a no-force or a low-force crossbridge state exists (Regnier et al. 1995) . Elevated [P i ] can push the crossbridges into the low or no-force generating configuration decreasing force but not stiffness. This model could also account for the decrease of crossbridge stiffness observed at later times during fatigue. Although this effect could be due to other factors playing a role in later phases of fatigue, such as decrease of pH, Ca 2+ release or increased ROS, it cannot be excluded that part of this effect is due to the elevated [P i ] that can lead to crossbridge detachment. The increased rate of force rise is expected on a kinetic basis when intracellular [P i ] increases, and this has been demonstrated previously in skinned fibres and in small myofibril bundles (Hibberd et al. 1985; Millar & Homsher 1990; Tesi et al. 2000; Takagi et al. 2004; Caremani et al. 2008; Ranatunga, 2010) . Increased [P i ] also increased the rate of force recovery after a fast length perturbation. Except for the very fast phase (k 1 ), which was insensitive, the intermediate and slow rate of recovery both increased with [P i ]. This is expected as the rate of tension recovery after a perturbation increases with [P i ] (Ranatunga et al. 2002) . It follows that the slower part of phase 2 and phase 3 (k 2 ), and phase 4 (k 3 ) of the force transients following stretches and release, all represent perturbations of the [P i ]-sensitive force generation step. This conclusion is similar to the previous ones correlating force generation with part of phase 2 (2b in Ranatunga et al. 2002) , or phase 3 (Kawai et al. 1993; Wang & Kawai, 2001 ).
Conclusion
The results reported in this paper show that in intact muscle fibre at physiological temperature the increase of [P i ] induced by fatigue reduces tetanic force by depressing the individual crossbridge force. It is not excluded, however, that at low temperature when P i effects are stronger or at [P i ] higher than that reached during early fatigue, P i decreases force also by reducing crossbridge number. High [P i ] also increases the rate constant for force development during the tetanus rise and for tension recovery after a quick stretch or release as expected from current schemes of actomyosin ATPase and the crossbridge cycle.
